A zinc-iron layered double hydroxide (Zn-Fe LDH) with sulfate as the interlayer ainon has been prepared by the coprecipitation method. The LDH was dehydrated in three steps below 300°C and transformed to the amorphous phase. The recrystallization from the amorphous phase to ZnO (zincite), ZnFe 2 O 4 (spinel) and Zn 3 O(SO 4 )2 occurred at approximately 450°C. Furthermore, Zn 3 O(SO 4 )2 decomposed into ZnO, SO 2 and O 2 above 700°C. The adsorption ability of the Zn-Fe LDH was studied for several harmful anions (phosphate, chromate, borate, fluoride, selenate and arsenate) in aqueous solution, and it showed high selectivity for phosphate, chromate and selenate ions. The Zn-Fe LDH was found to be stable over a wide pH range (pH＝ 2-12). The adsorption ability for phosphate ions depends on the initial pH and it increases with decreasing pH.
Introduction
The environmental pollution problem has worsened due to industrial and population growth; this has led to global warming, destruction of ecosystems and serious health risk to humans. The major source of water pollution, which is one of the environmental issues to be resolved, is industrial manufacturing processes. These processes discharge a large amount of industrial wastewater containing harmful elements that diffuse into the environment. Therefore, it is necessary to treat wastewater prior to its discharge to the environment. Recently, numerous approaches have been studied for the development of economical and effective adsorbents for water pollutants.
1)-4)
The removal of harmful ions from contaminated water bodies has been attempted by several researchers employing a wide variety of techniques.
5)-8) For heavy metal ions such as lead, nickel, zinc and cadmium, zeolites and clay minerals are in practical use as adsorbents. On the other hand, ionexchange resin and chelating agents have been developed as anion adsorbents, but they are expensive. Layered double hydroxides (LDHs) have attracted attention as an alternative low-cost high-capacity adsorption material for harmful anions.
LDHs are a class of anionic clay. 3＋ , respectively. The value of x is equal to the molar ratio of M 2＋ /(M 2＋ ＋M 3＋ ), and A n-is an anion, such as CO 2＋ 3 , SO [2] [3] [4] , NO 3-, F -, Cl -or PO [3] [4] .
9) Therefore, a large class of isostructural materials can be obtained by changing the metal ion species or the molar ratio of M ＋ /M 3＋ , as well as the type of interlayer anion. The structure is based on brucite-like hydroxide layers in which some of the divalent cations have been partially replaced by trivalent ions, resulting in positively charged sheets. 10) , 11) This charge is balanced by intercalated anions in the hydrated interlayer regions. The anions are exchangeable and this property can be applied to adsorb harmful anions polluting water and soil. Many researchers have studied the adsorption behavior of LDHs for use in cleaning up a polluted environment.
12)-18)
On the other hand, an Mg-Al LDH (hydrotalcite) has been revealed to transform to MgO and the spinel phase (MgAl 2 O 4 ) at high temperatures up to 1000°C. 19) For this reason, LDHs are promising precursors for spinel-structured oxides of various metals. 20) Spinel-type materials continue to attract a great deal of interest because of their diverse practical applications as ferrimagnets, pigments, catalysts, photocatalysts, and sorbents.
21)-23) Some workers have recently reported the synthesis of ZnFe 2 O 4 (spinel) using a novel route through the calcination of a sulfate ion Zn-Fe LDH precursor. 24) However, the decomposition and recrystallization behaviors of Zn-Fe LDH at high temperatures have not been completely clarified.
Zn-Fe LDH with sulfate as the interlayer anion is a new type of LDH, as it is composed of a new combination of metal ion species. The adsorption ability of this type of LDH has not been elucidated. The anion selectivity of LDHs is considered to be affected by the metal ion species and interlayer anion. Thus, the Zn-Fe LDH has the possibility to be superior to other types of LDH anion adsorbent. In this study, Zn-Fe LDH with sulfate as the interlayer anion was prepared by the coprecipitation method, and its adsorption abilities for several harmful anions were examined. Moreover, the thermal stability and the thermal behaviors in the temperature range up to 1000°C were investigated.
Experimental 2.1 Synthesis
Zn-Fe LDH with sulfate as the interlayer anion was prepared by the following coprecipitation method. A mixed salt solution of ZnSO 4 ･7H 2 O and FeSO 4 ･7H 2 O with a Zn/Fe ratio of 2 in distilled water and a solution of 1.25 M NaOH were simultaneously added to vigorously stirred distilled water at such rates that the pH of the mixture remained at about 7.0. The resulting suspension was aged at 38°C for 24 h. The mixture was filtered and the solid phase was washed thoroughly with distilled water. The solid phase was dried at 40°C and the sample (Zn-Fe LDH) obtained was stored at room temperature. Moreover, Zn-Fe LDH was calcined in air at 350, 550 or 950°C for 10 min at a heating rate of 10°C/min to investigate thermal behaviors.
Characterization
Powder X-ray diffraction (XRD) patterns of the samples were obtained using CuKa radiation from a diffractometer (Rigaku, RINT-Ultima III). Elemental analysis was performed by energy dispersive X-ray spectroscopy (EDS) (JEOL, JSM-6360) for metal ions and sulfur in the sample obtained by the coprecipitation method. X-ray photoelectron spectroscopy (XPS) analysis was performed to determine the Fe valence using JEOL JPS-9010TR spectrometer with a monochromatic MgKa source at an energy of 1253.6 eV and operated at 10 kV. The binding energy was referenced to the C1s peak at 284.6 eV. The simultaneous measurement by thermogravimetric and differential thermal analysis coupled with mass spectroscopy (TG-DTA/MS) was performed at a heating rate of 10°C/min in air to investigate thermal behaviors. Room-temperature Fourier transform infrared (FTIR) spectra were recorded on a Shimadzu FTIR 8700 spectrometer using the KBr pellet technique.
Adsorption experiments
The adsorption of several harmful anions was carried out at room temperature. The adsorption ability of the synthesized Zn-Fe LDH was compared with that of Mg-Al LDH (hydrotalcite) with carbonate as the interlayer anion, which is the most commonly used LDH, from (Kyowa Chemical Industry Co., Ltd.) Dilute solutions (about 50 ppm) of chromate, borate, fluoride, selenate and arsenate were prepared from 1000 ppm standard solutions (Kanto Chemical Co., Inc.) for atomic adsorption analysis. A dilute solution (about 50 ppm) of phosphate was prepared from H 3 PO 4 solution (Junsei Chemical Co., Ltd.). The sample (0.5 g) was added to the dilute solutions (100 ml) and stirred with a magnetic stirrer for 60 min. The solid particles from the mixtures were separated by filtration and the concentrations of residual anions in the filtrates were determined using a UV-Vis photometer (LANGE, LASA-100) for phosphate, chromate, borate and fluoride anions, and an inductivity coupled plasma (ICP) emission spectrometer (Seiko, SPS4000) for selenate and arsenate anions.
The time-dependent adsorptions of phosphate on Zn-Fe LDH and Mg-Al LDH were carried out at room temperature. A dilute solution (900 ppm) of phosphate was prepared from H 3 PO 4 solution (Junsei Chemical Co., Ltd.). The sample (0.5 g) was added to the dilute solution (100 ml) and stirred with a magnetic stirrer for different time intervals (1-60 min). The solid particles from the mixtures were separated by filtration and the concentration of residual phosphate anions in the filtrates was determined using the UV-Vis photometer.
The effect of pH on the adsorption of phosphate anions was evaluated at room temperature. A dilute solution (about 500 ppm) of phosphate was prepared from H 3 PO 4 solution (Junsei Chemical Co., Ltd.). The pH (in the 2.3-14.0 range) of the solution was adjusted using NaOH (Junsei Chemical Co., Ltd.) solution. The sample (0.5 g) was added to these suspensions (100 ml) and stirred with a magnetic stirrer for 5 min. The solid particles from the mixtures were separated by filtration and XRD measurements were performed. The concentration of residual phosphate anions in the filtrates was determined using the UV-Vis photometer.
Results and discussion 3.1 Characterization
The sample obtained by the coprecipitation method exhibits the characteristic XRD patterns of hydrotalcite-like LDH materials, 25) which matches the reported XRD pattern of Zn-Fe LDH (Fig. 1) .
24) The XRD pattern exhibits a series of (00l ) peaks, such as (003), (006) and (009) at low 2u angles, corresponding to the basal spacing and its higher order reflections. The d value of Zn-Fe LDH with sulfate as the interlayer anion was found to be 1.102 nm. The XRD pattern confirms the highly crystalline and monophase state of Zn-Fe LDH.
The Fe 2p 3/2 spectrum of the synthesized Zn-Fe LDH is shown in Fig. 2 
Thermal behavior
The TG-DTA/MS measurement of Zn-Fe LDH (Fig. 3) reveals a gradual weight loss from room temperature to approximately 300°C, with three endotherms at about 80°C, 110°C and 200°C. The total weight loss corresponds to 26 of the weight of the sample. It can be attributed to the removal of water molecules, because the molecular mass of 18 was determined by MS measurement in the temperature region examined. The first weight loss, occurring at up to about 90°C, can be attributed to the removal of surface adsorbed water. The second one at around 110°C is the result of the removal of water intercalated in the interlayer galleries. The third one at around 200°C involves dehydroxylation of the brucite-like layers. These temperatures are much lower than the corresponding temperatures for Mg-Al LDH, in which the interlayer water is lost at 240°C and the brucitelike layer is decomposed at 455°C. 26) An exotherm without 
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weight loss is observed at about 450°C. This is considered to be attributed to a phase transition by recrystallization or decomposition. Another weight loss with an endothermic peak at 770°C is observed in the DTA curve, accompanied by the removal of the gasses that were analyzed to have molecular masses of 32 and 64. The IR spectra of the synthesized Zn-Fe LDH and the samples calcined at 350, 550 or 950°C are shown in Fig. 4 . The characteristic absorption can be observed at 617 cm -1 in all spectra, except for the sample calcined at 950°C. This absorption is assigned to the n4 mode of sulfate.
27) The result indicates that the weight loss in the TG curve above 700°C can be attributed to the removal of sulfate ions. This is inconsistent with the previous report that the interlayer sulfate anions were considered to evolve simultaneously with the dehydroxylation of the layer. 24) The bands observed at around 400-600 cm -1 are attributed to the lattice vibration modes. Figure 5 shows the XRD patterns of the samples calcined at 350, 550 or 950°C. Amorphous materials resulting from the collapse of the layered structure are obtained at 300°C, as shown in Fig. 4(a) . For the sample calcined at 950°C, sharp lines characteristic of ZnO (zincite) and ZnFe 2 O 4 (spinel) phases appear. After the calcination of Zn-Fe LDH at 550°C, new diffraction lines between 20-30°, which are indexed to Zn 3 O(SO 4 ) 2 , are found in addition to the broad lines of ZnO and ZnFe 2 O 4 . The result suggests that the removal of sulfate ions above 700°C can be attributed to the degradation of Zn 3 O(SO 4 ) 2 . Considering the result of MS measurement, the following degradation (1) occurred, and this reaction corresponds to the endothermic peak at 770°C in the DTA curve.
28)
Moreover, the exothermic peak without weight loss observed at about 450°C is considered to be due to the recrystallization of ZnO, ZnFe 2 O 4 or Zn 3 O(SO 4 ) 2 .
Adsorption of several harmful anions
To assess the adsorption ability of Zn-Fe LDH, it was subjected to various anion adsorptions and compared with the adsorption ability of Mg-Al LDH. The experimental results are shown in Fig. 6(a) for Zn-Fe LDH and Fig. 6(b) for Mg-Al LDH. It was found that Zn-Fe LDH is a more effective adsorbent than Mg-Al LDH. Zn-Fe LDH showed high adsorption ability for phosphate (almost 100), chromate (91.3) and selenate (97.4) ions. Both LDHs showed negligible adsorption ability for fluoride. This phenomenon is consistent with the tendency that divalent anions interact more strongly with the brucite-like sheets than do monovalent anions. 29) The variation of phosphate adsorption as a function of time is shown in Fig. 7 . The kinetic curves show that the 
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Journal of the Ceramic Society of Japan 116 [2] 192-197 2008 JCSJapan equilibrium times and adsorption capacities of Zn-Fe LDH and Mg-Al LDH are quite different. Using Zn-Fe LDH as adsorbent, the amount of phosphate removed exhibits an initial step (～1 min), after which it increases slowly until 60 min. The percentage of phosphate adsorption was 70.9 at 60 min. For Mg-Al LDH, only 1 min was necessary to reach equilibrium, and the percentage of phosphate adsorption was 8.1 at 60 min.
It is well known that LDHs interact strongly with anionic species because of the existence of positive charges on the brucite-like layer and also over their external surface. 30) This property enables two different mechanisms of anion adsorption: (i) adsorption on the surface (fast) and (ii) ion exchange (slow).
31),32) The surface adsorption process depends on the variable charge density on the surface of the adsorbent. On the other hand, the ion-exchange reaction is strongly affected by the interlayer anions present in the sample. 29 ),33) Generally, surface adsorption is faster than ion exchange. This is because the surface adsorption process involves the strong interaction (Coulomb forces) between negative ions and the positive external surface and because of the high exposure of the external surface of the LDHs, whereas ion exchange is a diffusion process.
The kinetic curves shown in Fig. 7 indicate that phosphate is only probably adsorbed on the external surface of Mg-Al LDH. The strong interactions between carbonate anions and brucite-like layers inhibit anion exchange in Mg-Al LDH, since this adsorbent has carbonate as the interlayer anion. Zn-Fe LDH shows higher adsorption ability for phosphate. This is considered to be due to the combined effect of the two adsorption mechanisms described above. In this adsorbent, anion exchange can occur because sulfate is the interlayer anion.
The experiments of contact time suggest that a slightly longer duration than 60 min is necessary to reach the equilibrium state in phosphate adsorption on Zn-Fe LDH.
In general, pH is considered to be an important parameter that influences the adsorption at water-adsorbent interfaces. Keeping this in mind, the adsorption of phosphate on Zn-Fe LDH was studied at different pH values ranging from 2.3 to 12.0. To adjust the pH, NaOH solution was used. The effect of the initial pH on phosphate adsorption is shown in Fig. 8 35) The ideal pH for the adsorption of phosphate from water is considered to fall in a wide range (pH＝2-10). This is important from the environmental point of view that the pH of most water streams remains in the neutral to slightly alkaline range, except in the case of acid drainage. Figure 9 shows the XRD patterns of Zn-Fe LDH before and after phosphate adsorption. The diffraction patterns indicate that after phosphate adsorption, LDH maintains the LDH structure, though broadening is observed. For this reason, Zn-Fe LDH is stable at pH value in the range from 2.3 to 12.0. This pH range is wider than that of Mg-Al LDH, which is one of the most commonly used adsorbents for harmful anions. When phosphate adsorption was performed, the intensities of 003 lines at 8.02°(d value＝11.02) decreased and a new diffraction line at a higher angle appeared. The shift of the diffracted signals to a higher angle corresponds to a decrease in the crystal lattice spacing and means that the basal spacing (003) of LDH is narrowed by the ion exchange of some sulfate for phosphate ions, the ionic radius of which is smaller than that of the sulfate ion. When the pH is high, OH -ions are also considered to be ion exchanged in addition to phosphate ions. When the pH was 12.0, the diffraction line at 8.02°(d value＝11.02) disappeared and only a new diffraction line at 10.08°(d＝8.78) appeared. This phenomenon is considered to be due to all the sulfate ions being exchanged for phosphate and OH -ions. Thermal behaviors of Zn-Fe LDH adsorbed phosphate ion were also investigated in the same way as the pristine ZnFe LDH. The sample loses water molecules through three steps below 300°C, and transforms to an amorphous phase as well as the pristine Zn-Fe LDH. At the higher temperatures, gas generation is not observed in contrast with the pristine Zn-Fe LDH. The XRD pattern of the sample calcined at 550°C shows broad peaks of ZnO 36) In this experiment, b-Zn 2 P 2 O 7 phase is considered to be produced from ZnO and phosphorus oxide glass above 750°C, and this phase transforms to a-Zn 2 P 2 O 7 in the temperature decreasing process.
Conclusion
In this study, Zn-Fe LDH with sulfate as the interlayer anion was synthesized by the coprecipitation method. The obtained LDH was characterized by XRD, XPS and TG-DTA/MS measurements. Moreover, the LDH was calcined at 350, 550 or 950°C for 10 min, and the samples were analyzed by IR and XRD measurements to clarify the thermal behaviors. The LDH lost water molecules through three steps below 300°C, and transformed to the amorphous phase. The recrystallization from the amorphous phase to ZnO, ZnFe 2 A comparative study was performed on the adsorption abilities of Zn-Fe LDH and Mg-Al LDH. Zn-Fe LDH was found to be a more effective adsorbent. In particular, Zn-Fe LDH exhibited high selectivity for phosphate, chromate and selenate ions. It was found that a slightly longer duration than 60 min is necessary for the equilibrium state to be reached in the phosphate adsorption experiment. The adsorption ability of Zn-Fe LDH for phosphate ions depends on the initial pH, and it increases with decreasing pH. Zn-Fe LDH was found to be stable over a wide range of pHs (pH＝2-12). Considering the simple synthesis, high anion adsorption capacities and pH stability of Zn-Fe LDH, this material has high potential for use as an effective adsorbent for water purification.
